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An impr ov ed ray- opticsthe ory and Mie theoryfor slngle sc attering and the ad ding
-do ubling
m ethodfor rn ultiple scaLttering ar e tlS edto studytheintera ctio n ofr adiationin the w avelengths of
1.3 8, 3.9 79, 6.5, a nd ll.03Ll m andthe micr ophysic s ofcir ru s clo uds ･ The study sho w stha;I the
str o ng1.3 8pm w a:ter v aLPOrb andinthe near一 択 r egio nis s uperiortothe otherthr eeI Rchan n els
us ed in ctlrr ent Opera.tio nd s atellites and has potentialpossibility of re m ote se nsing of
microphysicala nd optic alpr operties ofcirrusclouds･
1. INT R O D tJC T I O N
Re m ote s e nslng Of cirrus cloudproperties a cc ura;telyis extre m ely impo rtaJIt for clo ud
clim atology and m any other s cie ntificdis ciplin es･ Althoughexte nsive obser v atio n s and theor etic al
studiesha v ebee n m ade re cehtly, the cirr us clo udproble mis still far丑o m s olv ed･ U nl ike w afer
clo uds, cir ru s clouds are c o mpo s ed ofn o n spheric alic e cryctalstha;Iha;v edi 飴re ntde nsities, siz es,
shapes, and orientatio nsin spac e･ Furthe rm o re, cirr us clo uds are o触 n thinin optic al thi 血e ss,
witha variableI Remittan c e oflessthan 1. Ithasbee n re alizedthtc urre Ⅱtoper 8tio nals a:telites
hav e s o m edeficie n ciesin aL CuraLtedetectio n ofcirr us clo uds, e spe ciallyo v erland su rfac e･ T hus,it
isimporta ntto seekn e w s o undingch丘 皿 els a ndde v elop ne w s en s ors･ Re cerltly,dtLringthe NASA
FIR E P has eIICir ru sfieldpr ogra m,it w asfo u nd by the meastlre m erLtS Of the A irbo m eVisible
ln&aredlm agingSpe Gtr O m et r(ÅV IRIS)thaLtn a rr o w Chan n els n earthe c enter ofthe stro ng1138
LLm W ater V aporb andar e v ery effe ctiv ein dete ctingthin cirrus clouds[l
-3]･ And a n e ar-r Rchan n el
c e nter ed al 1.375 p n hasbe e n s elected for the M oder ate Res ohtio nlm aglng Spe ctro m et r
(M O D IS), which is o ne ofthe se n so rs o ndieEarh Obser vingSyste m(E O S), for e nhan c ed
dete ctio n ofcir ru s clo uds舟om spa c e[2,4-5]. T he se nsitivity ofthe l1375pm M O D IS chan nelto
dete ctthin cirr usclo uds is expe cted tobe on etotw o orders of m喝 nitudebetterthanthe c urr e nt
in丘ared e missio nte chniqu es[2]. W hile imilialres ults hav e.be en e n co uraging, further studie s are
n e eded.
2.- C A L CtJL A TI O NS
To study s atellite r e m ote s en slng Ofcir ru s clouds, tw obasic clo ud microphysicalparaJn eterS･
i･e･ , the shape and siz edistributio nofice clyStals, a r e n eeded･ In this study･ tw o spe cific Cryst
al
habits
,
r ando mly orierltedhex ago nalcolum ns andphtes･ with as uperpositio n oftw o m odi五edr
-
fun ctio ndistributio n s arec o nsidered:
n(r) = w nl(∫) ＋ (l - w)n2(r) (1)
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, 位 and† are shape factors, rj C Orr eSpO nds to the siz e at whichthe pe ak inthe
respe ctiv edistributio n o c cu rs, a ndj = 1, 2 c orr espo nds to the s mal- and larg 叩 article m odes,
r e spe ctiv ely. To repr es ent v ario u s microphysic al characteristics of cirrus clo uds in diffTer ent
dev elopm erltalstages m ore realy, w e c o n stru ct2 0particle siz edistributio nsin cludingtw otypes :
(a)m o n o m odal;and(也)bin odal. Ass u m ethat theI W Cr anges舟o m3 × 10
"5
1o0.2 5grn
-3
.
The effe ctiv e r aditlS Oftheparticlesisde丘n edas
r2 r2
r
c
- ∫ 7t r3 n(r)dr/ ∫ 7tr2n(r)dr
rl rl
(3)
Correspo ndiTlgtOtheI W Cm e ntio n edabov e r.r anges舟o m30to 325pm for colurr n s and fr o m4 2
to449pnforplates.
For c o mparis on, fou r w av ele ngths ar e c o n sider ed sim ultan e o u sly, i. e. , 1.3 8, 3.93 9, 6.5 and
l l.03l止n, in which 3.939 a ndll.03pm arethe w ell-kn ow n a血10 SPheric I Rsho rtw av e and
lo ngw av ewindo w ch an n els u sedin the curr erltS atellites;1.3 8and6.5 岬n arelo ca:tedin the n e ar-
I RandI Rw a,ter v aporbands,r e spe ctiv ely.
T he single s ea;tieringproperties of･ic e crystals al
'e Calc ulated using the impro ved r ay optics
the ory[6-7ユforthedim e nsio nL > 45ト(m and Mie scatteringthe oryfor L ≦ 4 5pm . For a, si2:e
distributio n
,
the sc Ettering and extin ctioll C O efrlCie nts of ic e crystals ar e calc ulated, r e spectiv ely,
by
r2
βs -∫ QB(r)n(r)dr
rl
(4)
r2
βe -∫ Qc(r)n(r)dr (5)
rI
wher eQs andQe are the scattcring and e xtin ctio n efrlCients, r e spectiv ely. T he shgle sc attering
albedo a)a a nd asym m etryfactorg a一e repr eserltedas
の o
=βノβe (6)
十1
g = 1/2J p.1(0)c osed(co sO)
-】
(7)
wherePlI(O)de n otesthe s c attering phasefunctio n,0 isthe s c &ttering angle. Acc o rdingto v arlde
Hulst[8],
" the simi 1aritypar am eter
”
ofice crystals,isdefin ed as
s =((トo)a /(ト oDg))
lr2
(8)
Foris otropic sc atterirlg, S -( レ oo)
Ira
;for anis otropic s c attering, S ra nges丑
･
o m 0(oo = 1)to I
(o)a = 0).The optic alc o n sta nts ofice ar etaken&o m Zhang andXu[9]. The opticalthickn ess
wi th in cr ru s clo udsisdefin ed as
･¢
- ど(βe ･ kp )d Z (9)
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The clo udlayeris co n sidered 甲 plan e-paral le , horiz o ntally ho m oge n e o us and v ertically
inho m ogen e o u swith anim pro ved tw o･ hyerice m odel【1 0]being used. For m ultiple s c attering
calcuhtio n sthe adding/do ubling m ethod[1lis e mployed.
Fo ur atm ospheric m odels, n a rn ely, U･S･ StandardAtm ospher e, Tr opical, M id-la,titudeSu m m er,
a nd Mid-1aLtitude W inter are･ c o n sidered･ Mole culaLr Sea;tiering and abso rptio n aretaken into
a cc otn , with theba ckgr o n ndstraLtOSPheric aer os ol , which 訂 e C alc ulaLtedbyLO WTR A N 7 Code
【12]･
3. R E StJLT S A N D D IS C tJSS O N S
Figu re1 sho w sthaLtthe si=nilarity par am eters of bothぬ m osphericIRwindo w cha皿 els and
6.3 pm w aLter Va[POrband are nots e n sitive to theparticle effectiv e r adii. For re > 6 0pm, the S
valu esin thes e w a;v elengths ar e all largerthan 0･90, e spe cialy at入･ ≡ 11･03pm Sisalm ost equal
to 1.0, At九 = 1.38 岬l, ho wever, 也e S v alu es are al les than0.5. M ore ov er, the simi larity
para m eterS incre as es regularly withthe effe ctiv e r adius re , which indic atestha:tfor s mallic e
crystalslight s ca;tteringis domin antin extin ctioTl; Withreincr eas ethe abs orptio n ofice crystals
in cre as es. Theseilu straLte tha[tthe similarib,para m eterS at1.38pmis w ell depe nde nt on re .
We h v e studied ho w the phas efun ctio nP(0)ofpolydisperse en se mbles ofhex ago n alice
crystalsdepe nds o nthe incide nt w a v el ngth, particle shapes, andsiz edistributio n s[13]. W efo u nd
that the phas e鮎n ctio npatte rndepe nds str o ngly o n w av ele ngdlS. For九. - 1.3ipm, the phas e
fun ctio n c u rv efeatur es are similarto thos ein visible, with 也e str o ngfor w ard s ea.tte血g, the
se co ndaryfe atur es at n ear22
0
and 13 5
0
, andthe distinctba ckw ard sc attering peak･ The phas e
functio npa:tte m sa;I11Lm a;trn O Spheric windo w regio n repr ese nt the Christ an s e n effct,i息 ,in
there extin ctio n lSPn m ari1ydu eto abs orptio n rathertha n s c attering;thus, thebackw ards ea:ttering
peakdis apears. In additio n, at thefor w ard s cattering(0 = 0
0
)thephas efun ctio npe ak is ra加 r
se nsitivetotheparticle siz e rcaLt九 - 1.38pm .
The se single s c attering chara cteristicsindicate thepossibility ofu sing l･3 1l皿 ba ndto dete ct
micr ophysicalproperties ofcirrus clo uds.
Figur es. 2 aJld3de m o n stra;te the characteristics ofthe m tlltiple s ea:ttering propertie s,i･e･ , the
tr an smittance 3c and reflectan c e沢B , Ofcir ru s clo uds in 1.3 8 岬 W a V el ngthv arying wi ththe
clo ud optic althickn ess.r e spe ctiv ely･ Fig･2 sho w stha:t withTc inc reasing, thetr an写mittan ce, Sc, of
ice crystalsde cr e ases r egularly･ Compared_
with other w av elengths C On Sidered, the w av ele ngth of
1.3 8pmisthe m o st tr an spar er[t･
Itisinterestingto n ote 丘o m Fig･ 3 thtwithてcin cre as eth re瓜ecta n ceSicin cre as es血) mthe
orderof I0
-3
Io the o rde r of lo
一l
. The 訳c v alu es ofcirnlS6loudsin other w av ele ngths c on sider ed
arelessthan thos e at l･3 8pm in the orders oflo
ll
- 10
-3
1 M o r e o v e r, in the illV eStigated
w av el ngths onlythe 訳c valu es aLt九 = 1･3 8LL mV ary wi the optic althickn ess
･tcr egularly･
These r estlltsde m o n straLtethe potentialapplicaLtio n of 1,3 8岬 1 WB[ter V aporbandtoinferthe
optical 也ickn e5S Ofcim s clo uds ･
Gao andKau血1 an[2]hav epointedo ut thalthe stro ng1･3 &卜m W ater V apo rba ndishelp免1fo r
the dete ctio n ofup per-level cim lS Clo udsI The signalre ceiv edby the l･375一皿 Chan n el &o m
spa cedepends o nthe s c attering and abso rptio nproperties of cir ru sclo uds and w ater v apor
abs orptio n abo v e, with h, and belo w cir rus clo uds･ The tw o
I W ay tra nSmittan c e a n alysesfor
differe nt atm ospheric m odels with different pre cipitable w ater v apor v alu e sha v e sho wn tha;I
s urfac e and clo uds belo w 3 km are e xpected to produ c elittle s cattered signal at the sa;tellite
be ca u5e the solar sho rtw av e radiLtio n reflected by s urfa ceis m ostly abs orbed by w ater v aporin
the lo wera;tm ospher e, where as clo uds abo v e6 km are e xpected to produ ce m or e s cattered
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radie(tion atthe satelite. Otu re sults o n s mgle- and m ultiple- s ea;ttering by polydispersio n sof
r ando mly orie nted he E agO ndice crystals 鮎r血erde m o n stra>te tha-tthe stro ng113 8pm wa;ter v apor
band is s uperiorto the a血 o sphericIRwindow chanTles andthe 6 3pn IRw aiter V apo rb and n ot
o nlyin distinguishing cirr u s clo uds 丘o m s atelliteim age s, but als oin its possibilib' ofr e m ote
s en s mg of microphysic alandopticalpr operties ofci- s clouds 丘o m spa ce. As E OSis pla n n edto
belau n ched in1998, m or e studie s o n r etd vals ofcim s clo udpa qa neters us lng1.38pm band are
partic ularly n e eded. Additio n alstudies are u nderw ay andthe res ults willbefozdlC O m lng･
4こC ON C L tlSIO NS
single- a nd m ultiple- s c attering by different polydispers e en s elnbles ofrandomly orie nted
he x ago nal ice crystals withtw o shapes, 1･e ･, he x ago nd c olu m n s andplaLteS, and 2 0particle size
distributio n s ar e calctlla;ted for a n e ar-IRcha n n el c eⅡter ed aLt the stro ng1.3 8pm w ater v apor
absorptio n band by using an irnpro v ed ray-opticsthe ory a nd add ing/do ubling m ethod･ For
c o mparis o n, botha;tm o sphericIR甲indow s a nd the6･3叩 1 W ater V a[PO rIRabs orptio nband u sed in
c urre nt opera:tio ml s aLtellites ar e als oin v estiga[ted. T he res ults sho w thaLt at 九
- 1･38pTlthe
similaritypar am eterS ofice crystalsis regularlydependento nthe particle efFe ctiv e radiu s r8 ; and
for r
e
r a nging丘･o m 30 to 330pn, the S valu es are allles5tha nO･5･ Co ntrarily, the similarity
param etersin bothaLtm OSphericIR･ windo w s and6･3トL mband are n ots e n sitiv eto re ; and their S
valu es ar e c o n siderablylarge, When re > 60pm , S･> O19 I
Moreo ver, at九 - 1.38岬 , wi the clo udoptic althicknessTcin cre ase, the clo udtr an s mittan c e
3cdecr ea ses a nd the clo udrefle ctan c e9tcin cre as es r egularly. At otherthr eeI Rch皿 nels, th9re are
n o su ch asdependerltrela[donshipsI In additio n, the 1･38岬 W a;ter V aLPO rba nd is m oretr an spar ent
than thethr eem chatn 81s; andals o reflects 皿 Orelarge radia;lio n en ergythanthethr eeIRcha n n els
in cir ru s clotlds.
Thes e single- and multiple- s c attering prope rtiesde m o n stra[te.that the stro ng I･38Ltm W ater
v apor abs orptio nband is pr omising to be us edin re m ote s e nsing Of microphysic al a nd obtical
properties ofcir ru s clotlds･
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